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Active Target Time Projection Chambers (AT-TPCs) are state-of-the-art tools in the field of low-energy nu- 
clear physics, particularly suitable for experiments using low-intensity radioactive ion beams or gamma rays. 
The Fudan Multi-purpose Active Target Time Projection Chamber (fMeta-TPC) with 2048 channels has been 
developed to study a-clustering nuclei. In this work, the focus is on the study of the photonuclear reaction with 
the Laser Compton Scattering (LCS) gamma source, especially for the decay of the highly excited a-cluster 
state. The design of fMeta-TPC is described and a comprehensive evaluation of its offline performance is per- 
formed by ultraviolet (UV) laser and 7“! Am a source. The result shows that the intrinsic angular resolution of 
the detector is within 0.30° and has an energy resolution of 6.85% for 3.0 MeV a particles. The gain uniformity 
of the detector is about 10% (RMS/Mean), tested by the °’Fe X-ray source. 
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I. INTRODUCTION 


Recently, the establishment of the Shanghai Laser Elec- 
tron Gamma Source (SLEGS) beamline at the Shanghai Syn- 
chrotron Radiation Facility (SSRF) has provided a promising 
platform for studying MeV-level photonuclear reactions in 
China [1]. The LCS gamma source offers advantages over tra- 
ditional y-ray sources, including quasi-monoenergetic, high 
brightness, and high polarization. Photonuclear reactions, 
characterized by simple reaction mechanisms and clean final- 
state products, serve as effective probes of nuclear struc- 
ture and measurements of key reaction rates in nuclear astro- 
physics [2-8]. However, most important photonuclear reac- 
tion experiments suffer from the drawback of small reaction 
cross sections and low energy reaction products. 

The AT-TPCs play a crucial role in low-energy nuclear 
physics and are considered as novel and powerful detector 
tools [9-11]. They have been widely used in various fields, 
such as the ACTAR TPC of the Grand Accélérateur Na- 
tional d’Ions Lourds (GANIL) for the study of shell evolu- 
tion [12], the O-TPC of the University of Warsaw for the 
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study of cluster structure [13], nuclear astrophysics [14] and 
exotic decay [15], MAIKo of Kyoto University for the study 
of shell evolution and cluster structure [16, 17], CAT-TPC 
of Peking University for the study of cluster structures in 
unstable nuclei[18], MATE of Institute of Modern Physics, 
Chinese Academy of Sciences for the study of heavy-ion fu- 
sion reactions at stellar energies[19, 20], MTPC of Institute of 
High Energy Physics, Chinese Academy of Sciences for the 
study of measuring cross sections of neutron-induced light- 
charged particle emission and fission reactions [21, 22], and 
TexAT of Texas A&M University for the study of shell evo- 
lution and nuclear astrophysics [23]. ATI-TPCs are designed 
to use different gases simultaneously as targets and detectors, 
providing nearly 47 solid angle coverage and a low energy de- 
tection threshold. Furthermore, since the target itself serves 
as the detector, a thicker target does not compromise energy 
resolution and detection efficiency, which is particularly ben- 
eficial for photonuclear reactions and low-intensity beam ex- 
periments. 


In addition, AT-TPCs are particularly useful instruments 
for nuclear cluster studies. The study of cluster structure 
in light nuclei is a prominent research frontier in nuclear 
physics [24-31]. A well-known example is the Hoyle state of 
12C, first posited by F. Hoyle in 1953 to explain nucleosynthe- 
sis in stars [32]. Although research using various methods has 
indicated the presence of significant cluster components in the 
ground and low-lying excited states of light a-conjugate nu- 
clei [13, 33, 34], the exact properties and configurations of 
a clusters remain elusive. Questions remain regarding the 
distinction between a cluster states and free œ particles, and 
whether a clusters adopt a Bose-Einstein Condensate (BEC) 
state [35-37] or specific geometric configurations [38—40]. 
Thus, the properties and structures of clusters in nuclei such 
as a-conjugated nuclei like 1?C, 160, and ?°Ne, or non a- 


conjugated nuclei such as Li and °Be, including the Hoyle 
state in 1?C and analogous Hoyle-like cluster states in other 
a-conjugated nuclei [37, 41, 42], is an important open ques- 
tion. 

Considering these advantages, an AT-TPC, namely the Fu- 
dan Multi-purpose Active Target Time Projection Chamber 
(fMeta-TPC), has been built. The fMeta-TPC was designed 
and constructed with a special focus on the study of photonu- 
clear reactions, especially the properties of a-clusters in the 
excited states of light nuclei. 

The article is organized as follows: In section II we de- 
scribe the design of the fMeta-TPC. The features of the read- 
out board are presented in section ITB, and the design and 
simulation of the electronic field uniformity of the field cage 
is presented in section II C. An overview of the electronic sys- 
tem and its basic performance characteristics is given in sec- 
tion IID. Offline performance tests of the detector, covering 
electron drift velocity, electronic field homogeneity, angular 
resolution and energy resolution of the TPC, are detailed in 
section III. Finally, a summary is given in section IV. 


Il. DESIGN OF FMETA-TPC 


The fMeta-TPC was developed at Fudan University, 
Shanghai, China. The four main components of the fMeta- 
TPC are the gas chamber, the anode pad plane, the field 
cage and the electronic system. A schematic view is shown 
in Fig. 1. 
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Fig. 1.(Color Online) 3D Schematic view of fMeta-TPCs system. 


As shown in Fig. 1, fMeta-TPC is housed in a cubic 
stainless steel chamber with a volume of 600mm(L) x 
450 mm(W) x 475 mm(H). This chamber is equipped with 
five removable flanges, located at the bottom and along the 


four sides, to allow easy mounting and testing of detectors. 
On the beam injection side, the flange has a 15 mm diam- 
eter circular entrance window and four quartz windows. A 
0.3 mm thick Kapton foil, capable of withstanding a pressure 
differential of 1 atm, is used to maintain isolation between 
the gas volume and the external environment. Due to the low 
stopping power of the gas, the charged particle with several 
MeV energy can easily escape from the filed cage. In view of 
future experimental plans on rare isotope beams, the remain- 
ing flanges are designed to support the auxiliary detectors. 
For example, the AE-E telescopes are composed of a dou- 
ble sided silicon strip detector (DSSSD) and a 50 mm thick 
CsI(Tl) detector, which has been designed but not introduced 
in this work. 


B. Resistive Micromegas 


As shown in the Fig. 1, the anode pad plane coupled with 
the field cage is housed by the top flange. And its voltages 
are supplied through safe high voltage (SHV) connectors lo- 
cated on the top flange. In this work, the resistive Micromegas 
detector was used for electron amplification and collection. 
The photograph and the schematic view of the pad plane are 
shown in Fig. 2. The Micromegas detector was fabricated 
at the University of Science and Technology of China using 
the thermal bonding technique [43]. The mesh of the Mi- 
cromegas has 325 lines per inch (LPI) with 23 um diameter 
wires and a 49% opening rate. The avalanche gap between 
the mesh and the surface of the printed circuit board (PCB) is 
about 100 um. And a 5mm thick aluminum plate was glued 
and screwed to the back of the PCB to increase its mechanical 
rigidity. 

The anode pad plane has a sensitive area of 144mm x 
288 mm, consisting of 2048 readout channels. Due to the 
characteristics of photodisintegration reactions, the sensitive 
area is segmented into 32 x 64 rectangle pixels, which in- 
crease in size from the inner to the outer region, as shown in 
Fig. 2. The pixel size in the x-direction (short side) increases 
from 2mm to 6mm, while it remains constant at 4.5 mm in 
the z-direction (long side). The smaller pixels in the inner 
region are designed to improve the angular resolution of the 
detector for short range particles. And the larger pixels in 
the outer region make the anode pad plane to cover a larger 
sensitive area with a limited number of electronic channels. 
All pixels are read out through high-density (0.5 mm pitch) 
Hirose FX10A-140P/14-SV1(71) connectors, which contain 
two rows of 70 pins each. More details on the angular resolu- 
tion tests are given in section III C. 


C. Field cage 


The vertical uniform electric field within the sensitive vol- 
ume of the TPC is formed by the field cage with a volume of 
330 mm(L) x 180 mm(W) x 180mm(H). Two versions of 
the field cage have been developed for different experimental 
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Fig. 2.(Color Online) Top panel: The schematic view of the sensitive 
area (144mm x 288 mm) of the micromagas plane. The sensitive 
area is divided into 32 x 64 rectangular pixels of different sizes. 
The pixel sizes in the x-direction are 2mm, 3mm, 4mm, 5mm, 
and 6mm, while in the z-direction it is kept constant at 4.5mm. 
Bottom panel: A photo of the Micromegas detector. 


purposes: the double wire-plane field cage and the PCB field 
cage. 

The double wire-plane field cage was designed specifically 
for the radioactive ion beam experiment, which is known to 
produce high-energy reaction products. To ensure accurate 
measurements, it was critical to design a field cage that was 
transparent to both the beam ions and the reaction products 
while maintaining a uniform electric field. Therefore, the 
double wire plane structure was chosen as the most effec- 
tive approach. This design features five wire planes, which 
are surrounded by gold-plated tungsten wire and soldered to- 
gether, as shown in Fig. 3. The four-sided wire planes are 
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Fig. 3.(Color Online) 3D drawing of the double layer gold plated 
tungsten wire side plane of the field cage. The yellow blocks repre- 
sent 10 MQ surface mount resistors. 


composed of 70 wires, each with a diameter of 50 wm and a 
vertical spacing of 5.08 mm. The cathode plane is composed 
of 30 um wires with 3.05 mm distance between each wire. 
The horizontal distance from the inner to the outer wire plane 
is 3mm for all wire planes. This design makes the double- 
wire-plane field cage nearly 99% optically transparent. 

Another PCB field cage was designed specifically for the 
photonuclear reaction experiment in SLEGS. Except for the 
beam entrance plane, which remains the double wire plane, 
the other side planes of the PCB field cage are constructed 
using etched copper plate lines of 1mm diameter. And a 
3 mmn thick copper-clad PCB with dimensions of 180 x 330 
mm? serves as the cathode. The wires in the side plane are 
connected in series with 10 MQ (0.1% error) surface mount 
resistors for both field cages to homogeneously degrade the 
voltage from the micromesh (GND) to the cathode (-HV). By 
adjusting the voltage of the cathode and anode, different drift 
and avalanche field strengths can be set. 

To verify the uniformity of the electric field in both field 
cages, a finite element calculation was performed using the 
neBEM code [44], which is integrated into the Garfield++ 
code [45]. The simulation showed that the field cage main- 
tains a distortion of the electric field within 3% for the double 
wire-plane field cage and 1% for the PCB field cage in the 
sensitive volume, as shown in Fig. 4. 


D. Readout electronic system 


In view of possible future experiments, the electronic sys- 
tems of the fMeta-TPC should meet requirements such as 
high integration, compactness, short dead time, low power 
consumption and high dynamic range. The fMeta-TPC has 
been designed for 2048 readout channels and future up- 
grades for higher spatial resolution, which places specific re- 
quirements on high integration and compactness of the read- 
out electronics. High dynamic ranges of the detected en- 
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Fig. 4.(Color Online) Simulation of the electric potential (left) and 
electric field (right) of the field cage. The black dashed line marks 
the boundary in the sensitive area of the detector. The top two pan- 
els show the simulation results of the double-wire-plane field cage, 
while the bottom two panels show the simulation results of the PCB 
field cage. 


Table 1. The key parameters of the readout electronic system. 


Parameters Value 
Channels 2048 

Dead time 25 us 
Sampling rate 40 MSPS 
Quantization accuracy 12 bit 
Sampling window width 25.6 us 
Dynamic range 2 fC to 3pC 


ergy are also required. For example, in reactions such as 
16Q(y,a)!°C, the ionization energy loss ratio between 1?C 
and a can be several hundred times, requiring a wide dynamic 
range for charge measurement in the electronics. 

The key parameters of the electronic system are listed in 
Table 1. It has a wide dynamic range of 2fC to 3pC and a 
short dead time of 25 us (much less than the dead time of the 
GET electronics) for high event rates [46]. 

As shown in Fig. 5, the readout system is divided into two 
components: the front-end module and the back-end module. 
The front-end module, located at the top of the chamber (as 
shown in Fig. 1), interfaces with the detector via two Flexible 


Printed Circuit (FPC) boards. 

The front-end module consists of eight groups, each con- 
taining the pre-amplifier module (PAM), the analog-to-digital 
module (ADM), and the power clock management module 
(PCMM). Within each group, there are four PAM modules 
responsible for charge integration, four ADM modules re- 
sponsible for waveform digitization, and one PCMM module 
responsible for supplying power to the front-end modules. 

Upon receiving a signal from the detector, the PAM initi- 
ates amplification. There are 64 channels on a single PAM 
board, which consumes approximately 1 W of power. After 
amplification, the signal is transmitted to the ADM via the 
FPC board. The ADM then performs simultaneous digitiza- 
tion of 64 channels of analog signals at a sampling rate of 
40 MHz and a quantization accuracy of 12 bits. Each ADM 
board consumes about 8 W of power. Finally, the PCMM pro- 
vides power and clock distribution to the group of four PAMs 
and ADMs. 

As for the back-end modules, it contains two parts: the 
Trigger Clock Module (TCM) and the Data Concentrator 
Module (DCM). The TCM is responsible for generating a 
global trigger and synchronous clock by accepting hit infor- 
mation and distributing the trigger and synchronous clock to 
the DCM. On the other hand, the DCM is responsible for data 
acquisition, digital filtering, buffering, and data upload to the 
server via FPGA. It also distributes the synchronous clock, 
instructions, and triggers to the front-end electronics. In our 
case, the back-end modules have two DCMs and one TCM. 
Each DCM board is connected to sixteen ADM boards via 
fiber optics. 


Il. PERFORMANCE TEST 


In this section several methods are used to characterize the 
detector performance. The gain variation of the Micromegas 
detector was tested using the °°Fe 5.9 keV X-ray source. The 
UV laser, which can ionize gas molecules and form a straight 
line in the gas, was used to study the drift velocity, field ho- 
mogeneity, intrinsic angular and position resolutions of the 
detector. And the 74! Am alpha source was used to test the en- 
ergy resolution of the detector. In this work, tests were mainly 
performed in the Ar+CHy (9:1, P10 gas), Ar+iC4Hj9 (93:7) 
and He+COz (96:4) gas mixtures at different pressures. 


A. Drift velocity 


One of the key advantages of TPC is its ability to record the 
3D trajectory of charged particles. The determination of the 
3D information is based on the product of the electron drift 
velocity and the drift time. Therefore, an accurate measure- 
ment of the electron drift velocity in the gas is crucial for par- 
ticle trajectory reconstruction. In this study, the velocity was 
determined using a 266 nm laser with a power of 20 mW and 
a frequency of 7.5 kHz repetition rate. The laser entered the 
detector through quartz windows mounted on the front flange 
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Fig. 5.(Color Online) Schematic of the readout electronics system. 
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Fig. 6.(Color Online) The electron drift velocity measured in P10 (left), Ar+iC4Hio (93:7), and He+COz2 (96:4) gas mixtures (right). 
The measured data are compared with the calculations of MagBoltz. Reference data are taken from Z.C. Zhang [19], H. Bai [47], V.A. 


Khryachkov [48], A. Andronic [49]. 


of the chamber, as shown in Fig. 1. Prior to the test, the ori- 
entation of the laser was determined based on the location of 
the incident point on the quartz window and the end point 
of the track in the field cage. Due to limitations imposed by 
the maximum processing frequency of the ADM chip and the 
maximum transmission capacity of the gigabit network. The 
data acquisition was triggered by an external 100 Hz trigger 
and the acquisition window is set to 25 us. Considering that 
the pixel size remains a constant value of 4.5mm in the z 
direction, it becomes possible to calculate the relative differ- 
ences in drift height of each pad once the laser direction is 
established. Therefore, one of the fired pads was chosen as 
a reference pad, and then the drift velocity was calculated by 
calculating the disparity in drift height and time with respect 
to this reference pad. 


Fig. 6 shows the measured drift velocity in different gases 
compared with the theoretical calculations of MagBoltz [44] 
and other experimental results [19, 47-49]. The measured 
results, as shown in Fig. 6 (left), in the 600 mbar P10 gas 
are in good agreement with other experimental results. How- 


ever, a slight deviation from the theoretical results is ob- 
served when E/P<0.23 V/cm/torr. And the results shown 
in Fig. 6 (right) represent the electron drift velocity in 
600 mbar Ar+iC4H10 (93:7) and 500 mbar He+COz (96:4) 
mixed gases, respectively. Both measurement results agree 
with theoretical calculations within an uncertainty of 5%. 
This indicates that our test method is applicable to the mea- 
surement of electron drift velocity. 


B. Drift field homogeneity 


Ensuring the homogeneity of the electric field is important 
for achieving accurate 3D trajectory reconstructions. Ide- 
ally, the electric field should be perpendicular to the mi- 
cromesh, have no horizontal components, and maintain a uni- 
form scalar magnitude in the vertical orientation. However, 
practical considerations introduce several factors that affect 
the uniformity of the electric field, including wire deforma- 
tion induced by voltage, feedback from positive ions, and 
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Fig. 7.(Color Online) The top two panels show the recorded two-dimensional trajectories of the laser beam, with the red lines representing 
two-dimensional weighted linear fits. The lower panel shows the residuals between the fitted curve and the measured positions. 


edge effects of the electric field. 

To evaluate the homogeneity of the electric field within the 
sensitive volume, the chamber was filled with 600 mbar of 
Ar+iC4Hj9 (93:7) mixed gases. The cathode voltage was 
set to —1800 V, resulting in a drift electric field strength 
of 100 V/cm, while the anode avalanche voltage was set to 
350 V. Considering that distortions are more pronounced at 
the edges, the uniformity of the electric field at the edge of the 
sensitive area better reflects the quality of the field cage de- 
sign and fabrication. Therefore, two trajectories at the edges 
are provided as an example. As shown in the Fig. 7, the upper 
two panels show the measured trajectories of the laser beam 
along the z-axis at the edge of the sensitive area, with the red 
lines representing two-dimensional weighted linear fits. 

The lower two panels of Fig. 7 present the distribution of 
residual distances between the two-dimensional linear fitting 
curves and the measured positions on the anode pad plane. 
The residual distance, d;, can be computed using the formula: 
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where a and b are the fitting parameters of the two- 
dimensional weighted linear fits, and x; and y; are the fired 


di 


pixel positions on the anode pad plane. As shown in the lower 
panels of Fig. 7, the standard deviation of the residual dis- 
tance distributions remains below 0.4 mm for both measure- 
ments. This indicates that the electric field in the sensitive 
area is almost perpendicular to the micromesh and lacks any 
significant horizontal component. 


C. Angular and spatial resolution 


Since the UV laser light is free of straggling effects, it can 
be used to test the intrinsic angular and spatial resolution of 
the detector. In this work, 0 is defined as the angle between 
the projection of the track on the readout plane and the z 
axis. The detector was filled with Ar+iC4Hj 9 (93:7) gas mix- 
tures at 400 mbar. During the measurement, the drift field 
strength was set to 44 V/cm and the avalanche voltage was 
set to 345 V. Fig. 8(top) shows the measured angular reso- 
lution of the laser with an incident angle of 6.05°. And an 
angular resolution of 0.17° (a9) is achieved in this incident 
direction. The incident angle of the laser beam is determined 
by three-dimensional weighted linear fitting. The weighted 
coefficient is the ratio of the deposited charge to the area of 
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Fig. 8.(Color Online) Top panel: The angular distribution of the 
laser track determined by weighted linear fitting. Bottom panel: In- 
trinsic angular resolutions measured for laser incidences at different 
angles from two symmetrically positioned quartz windows. 


the pixel. 


It should be noted that both angular and spatial resolu- 
tions depend on the angle of incidence and the pad structure. 
Therefore, it is necessary to measure the intrinsic angular res- 
olutions at different incident angles, especially for readout 
pixels of different sizes, as shown in Fig. 2. In Fig. 8(be- 
low) the measured intrinsic angular resolution is shown, with 
laser light incident through two quartz windows at differ- 
ent angles of incidence. A remarkable angular resolution of 
0.06° (so) is achieved at an angle of incidence of 5.6°, while 
the worst measured angular resolution remains within 0.30° 
(a9) when the laser mainly traverses the pixel with a size of 
6mm x 4.5mm. For the detector with a sensitive length 
of 288 mm, the corresponding position resolutions (FWHM) 
can be derived from 288 x 2.35509. Thus, the optimal po- 
sition resolution is 0.7mm and the worst situation is within 
3.4mm. 


D. Gain uniformity 
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Fig. 9.(Color Online) Top panel: 64-channel waveforms acquired 
from a PAM by injecting a common pulse. Bottom panel: (Left) 
The gain variations of the electronics channel by channel. (Right) 
The normalized gain distribution of the 2048 channels. 
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Fig. 10.(Color Online) (Left) The gain map of the detector at the 
avalanche voltage of 465 V. The color scale represents the gain of 
each pad. (Right) The gain distribution of the 2048 pads. 


The calibration of the gain map plays a critical role in the 
energy reconstruction of charged particles. In addition, the 


uniformity of the detector is mainly influenced by two factors. 
The primary factor is the uniformity of the avalanche gap, 
while the secondary factor is the uniformity of the gain of the 
electronics. 

First, the gain variations in the electronics are tested by 
applying a common pulse to the PAM board. In each PAM 
module, all 64 channels are connected to the Sub-Miniature- 
A (SMA) connector via 1 pF capacitors with 5% accuracy 
for gain calibration. The resulting waveform acquired from 
the 64 channels within a PAM module is visually represented 
in the top panel of Fig. 9. By adjusting the pulse amplitudes 
to record the waveform amplitudes for each channel at dif- 
ferent collected charge levels, the resulting normalized gain 
variation distribution for each channel is shown in the bot- 
tom panel of Fig. 9. The result shows that the gain variation 
across the 2048 channels of the electronic system is within 
4% (o/u). 
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Fig. 11.(Color Online) Top Panel: The °°Fe spectrum without gain 
map. Bottom Panel: The °°Fe spectrum with the correction of gain 
map. 


A °°Fe x-ray source with an activity of 1.43 10° bec- 
querels and a diameter of 10 mm was then used to evaluate the 
gain uniformity of the Micromegas detector. The source was 


positioned at the center of the bottom flange with a distance 
of 20cm to micromesh. This ensures that every pixel can 
be illuminated. For the gain uniformity test, the chamber was 
filled with P10 gas at a pressure of 600 mbar. The anode volt- 
age was set to 465 V, and the field ratio of the avalanche field 
to the drift field was set to 300, ensuring that more than 95% 
of the primary electrons could be collected in the avalanche 
gap at this field ratio. 
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2 2 2 
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Due to the transverse diffusion of electrons, a typical 
5.9keV X-ray event consists of 2-7 pixels. To calculate 
the gain value for each pixel, the multiple linear regression 
method was used to analyze the data. In Eq. (1), the in- 
put matrix on the left represents the deposited charge of each 
pixel for each °°Fe event. The middle parameter vector 0 
represents the gain map of the detector, and the output vec- 
tor Y represents the primary electrons ionized by the 5.9 keV 
X-ray. According to the method of least squares, the param- 
eter vector can be calculated from 0 = (X?X)~1- XTY. 
The resulting gain map, shown in Fig. 10 (left), revealed a 
gain variation of about 9.6% (RMS/mean) over 2048 chan- 
nels. This result implies that the fluctuations in detector gain 
are primarily caused by the non-uniformity of the detector’s 
avalanche gaps. 

To validate the results obtained, the gain map was adjusted 
to correct the °° Fe spectrum measured at the anode. The com- 
parison of the spectrum before and after correction is shown 
in Fig. 11. The spectrum before correction was derived as- 
suming uniform pixel gains. It can be seen that after applying 
the gain map, the width (c) of the °°Fe spectrum decreased 
from 1.03 keV to 0.92 keV. This result indicates that the gain 
map obtained by multiple linear regression has some reliabil- 


ity. 


E. Energy resolution 


The energy resolution of the detector was further investi- 
gated using a 7+! Am alpha source located 39 mm from the 
sensitive region. The detector was filled with 600 mbar of 
P10 gas, and the voltages applied to the anode and cath- 
ode were set to 405 V and —2430 V, respectively. The total 
charge deposited by the alpha particles was obtained on an 
event-by-event basis by summing all the individual charges 
collected on each pad. To minimize the effect of the dead 
zone between the alpha source and the sensitive area on the 
energy resolution, it is necessary to collimate the alpha source 
by restricting the emission angle of alpha to within +5° dur- 
ing data analysis. The resulting energy spectrum for the alpha 
source is shown in Fig. 12. Fitting the spectrum with single 
Gaussian distributions yielded an energy resolution of 6.85% 
for alpha particles with a deposited energy of 3.0 MeV. 
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Fig. 12.(Color Online) The energy spectrum obtained from 74‘ Am 
source. 


IV. SUMMARY 


A new 2048-channel prototype active target detector sys- 
tem, called fMeta-TPC, has been designed and constructed 
for low-energy nuclear experiments. In this work, the resis- 
tive micromegas with an avalanche gap of 100 um is used for 
signal readout. As verified by the °°Fe X-ray source, the gain 
uniformity of the detector is about 10% (RMS/mean), and 
the contribution of electronic gain fluctuations is within 4% 
(a/u). The energy resolution obtained from the total charge 
collected on the pad plane was deduced to be 6.85% for 3.0 
MeV alpha particles. 

Considering the characteristics of photodisintegration reac- 
tions, the readout plate is divided into 2048 rectangular pixels 
of unequal size. In terms of angular resolution, it was tested 
with laser light at different injection angles to evaluate the ef- 
fect of pad size on angular resolution. The results show that 
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the readout board can achieve a remarkable angular resolu- 
tion of 0.06° (co), and the worst angular resolution measured 
is within 0.30° (sọ). In addition, the electron drift velocity 
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tested in this work. The results show that the homogeneity 
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For future low-pressure experiments, it is planned to up- 
grade the detection system by using a Micromegas detector 
with a double micromesh gaseous structure (DMM) [50, 51] 
or with a larger avalanche gap. In addition, the first commis- 
sioning run of the “Li(y, t)*He ground-state cross section has 
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processed. 


CREDIT AUTHORSHIP CONTRIBUTION STATEMENT 


Huangkai Wu: Methodology, Software, Formal analysis, 
Investigation, Data curation, Writing — original draft, Writ- 
ing — review & editing. Xiyang Wang: Formal analysis, 
Validation, Investigation, Data curation. Yumiao Wang: In- 
vestigation, Validation, Formal analysis. Youjing Wang: In- 
vestigation, Validation, Formal analysis. Deqing Fang: In- 
vestigation, Resources. Wanbing He: Software, Investiga- 
tion. Weihu Ma: Investigation. Xiguang Cao: Investigation. 
Changbo Fu: Conceptualization, Methodology, Validation, 
Formal analysis, Investigation, Writing — origin draft, Writ- 
ing — review & editing, Supervision, Project administration. 
Xiangai Deng: Methodology, Validation, Investigation, Re- 
sources, Writing — review & editing, Supervision, Project ad- 
ministration. Yugang Ma: Investigation, Resources, Writing 
—review & editing, Supervision. 


119 (2017). doi: 10.1140/epja/i2017-12300-0 
[8] B.S. Huang, Y.G. Ma, Two-proton momentum correlation 
from photodisintegration of a-clustering light nuclei in the 
quasi-deuteron region. Phys. Rev. C. 101, 034615 (2020). doi: 
10.1103/PhysRevC.101.034615 
[9] Y. Ayyad, N. Abgrall, T. Ahn et al., Next-generation exper- 
iments with the active target time projection chamber (AT- 
TPC). Nucl. Instrum. Meth. A. 954, 161341 (2020). doi: 
doi.org/10.1016/j.nima.2018.10.019 
[10] D. Bazin, T. Ahn, Y. Ayyad et al, Low energy nu- 
clear physics with active targets and time projection cham- 
bers. Prog. Part. Nucl. Phys. 114, 103790 (2020). doi: 
10.1016/j.ppnp.2020.103790 
[11] S. Beceiro-Novo, T. Ahn, D. Bazin et al., Active targets for the 
study of nuclei far from stability. Prog. Part. Nucl. Phys. 84, 
124-165 (2015). doi: 10.1016/j.ppnp.2015.06.003 
[12] J. Bradt, D. Bazin, F. Abu-Nimeh et al., Commissioning of the 
Active-Target Time Projection Chamber. Nucl. Instrum. Meth. 
A. 875, 65-79 (2017). doi: 10.1016/j.nima.2017.09.013 


[13] W.R. Zimmerman, M.W. Ahmed, B. Bromberger et al., Un- 
ambiguous Identification of the Second 2+ State in '*C and 
the Structure of the Hoyle State. Phys. Rev. Lett. 110, 152502 
(2013). doi: 10.1103/PhysRevLett.110.152502 

[14] R. Smith, M. Gai, S.R. Stern et al., Precision measurements 
on oxygen formation in stellar helium burning with gamma- 
ray beams and a Time Projection Chamber. Nat Commun. 12, 
5920 (2021). doi: 10.1038/s41467-021-26179-x 

[15] K. Miernik, W. Dominik, Z. Janas et al., Two-proton correla- 
tions in the decay of “*Fe. Phys. Rev. Lett. 99, 192501 (2007). 
doi: 10.1103/PhysRevLett.99.192501 

[16] T. Furuno, T. Kawabata, S. Adachi et al., Neutron quadrupole 
transition strength in ‘°C deduced from the °C (a, a) mea- 
surement with the MAIKo active target. Phys. Rev. C. 100, 
054322 (2019). doi: 10.1103/PhysRevC. 100.054322 

[17] M. Murata, T. Kawabata, S. Adachi et al., Photodisintegration 
cross section of *He in the giant dipole resonance energy re- 
gion. Phys. Rev. C. 107, 064317 (2023). doi: 10.1103/Phys- 
RevC.107.064317 

[18] L.S. Yang, J.Y. Xu, Q.T. Li et al., Performance of the CAT-TPC 
based on two-dimensional readout strips. Nucl. Sci. Tech. 32, 
85 (2021). doi: 10.1007/s41365-021-00919-6 

[19] Z.C. Zhang, X.Y. Wang, T.L. Pu et al., Studying the heavy- 
ion fusion reactions at stellar energies using Time Projection 
Chamber. Nucl. Instrum. Meth. A. 1016, 165740 (2021). doi: 
10.1016/j.nima.2021.165740 

[20] X.Y. Wang, N.T. Zang, Z.C. Zhang et al., Studies of the 2a and 
3a channels of the 1?C + 1? reaction in the range of Ecm= 8.9 
MeV to 21 MeV using the active target Time Projection Cham- 
ber. Chinese Phys. C. 46, 104001 (2022). doi: 10.1088/1674- 
1137/ac7ald 

[21] W. Jia, Y. Lv, Z. Zhang et al., Gap uniformity study 
of a resistive Micromegas for the Multi-purpose Time 
Projection Chamber (MTPC) at Back-n white neutron 
source. Nucl. Instrum. Meth. A. 1039, 167157 (2022). doi: 
10.1016/j.nima.2022.167157 

[22] Y. Li, H. Yi, Y. Sun et al., Performance study of the 
Multi-purpose Time Projection Chamber (MTPC) using a 
four-component alpha source. Nucl. Instrum. Meth. A. 1060, 
169045 (2024). doi: 10.1016/j.nima.2023.169045 

[23] J. Bishop, C.E. Parker, G.V. Rogachev et al., Neutron- 
upscattering enhancement of the triple-alpha process. Nat 
Commun. 13, 2151 (2022). doi: 10.1038/s41467-022-29848- 
7 

[24] M. Freer, H.O.U. Fynbo, The Hoyle state in °C. Prog. Part. 
Nucl. Phys. 78, 1-23 (2014). doi: 10.1016/j.ppnp.2014.06.001 

[25] W.B. He, Y.G. Ma, X.G. Cao et al., Giant dipole resonance 
as a fingerprint of a clustering configurations in °C and 
160, Phys. Rev. Lett. 113, 032506 (2014). doi: 10.1103/Phys- 
RevLett.113.032506 

[26] R. Bijker, F. Iachello et al., Cluster structure of light nu- 
clei. Prog. Theor. Exp. Phys. 110, 103735 (2020). doi: 
10.1016/j.ppnp.2019.103735 

[27] Y.G. Ma, Effects of a-clustering structure on nuclear re- 
action and relativistic heavy-ion collisions. Nucl. Tech. 
(in Chinese). 46, 080001 (2023). doi: 10.11889/j.0253- 
3219.2023.hjs.46.080001 

[28] Y.G. Ma, S. Zhang, a-clustering effects in relativistic heavy- 
ion collisions. Sci Sin-Phys Mech Astron (in Chinese). , in 
press (2024). doi: 10.1360/SSPMA-2024-0013 

[29] L. Yang, C.J. Lin, H.M. Jia et al., Progress on nuclear re- 
actions and related nuclear structure at low energies. Nucl. 
Tech. (in Chinese). 46, 080006 (2023). doi: 10.11889/j.0253- 


10 


3219.2023.hjs.46.080006 

[30] D.Q. Fang, Neutron skin thickness and its effects in nuclear 
reactions. Nucl. Tech. (in Chinese). 46: 080016 (2023). doi: 
10.11889/j.0253-3219.2023.hjs.46.080016 

[31] Y. Chen, Y.L. Ye, K. Wei, Progress and perspective of the 
research on exotic structures of unstable nuclei. Nucl. Tech. 
(in Chinese). 46: 080020 (2023). doi: 10.11889/j.0253- 
3219.2023.hjs.46.080020 

[32] F. Hoyle, D.N.F. Dunbar, W.A. Wenzel et al., A state in C-12 
predicted from astrophysical evidence. Phys. Rev. 92, 1095- 
1095 (1953). 

[33] R. Smith, Tz. Kokalova, C. Wheldon et al., New measure- 
ment of the direct 3a decay from the ‘°C Hoyle state. 
Phys. Rev. Lett. 119, 132502 (2017). doi: 10.1103/Phys- 
RevLett.119.132502 

[34] R. Smith, M. Gai, M.W. Ahmed et al., Stringent upper limit on 

the direct 3a decay of the Hoyle state in '*C. Phys. Rev. C. 

101, 021302 (2020). doi: 10.1103/PhysRevC.101.021302 

[35] A. Tohsaki, H. Horiuchi, P. Schuck et al., Alpha cluster con- 

densation in 17C and 1°O. Phys. Rev. Lett. 87, 3177 (1998). 

doi: 10.1103/PhysRevLett.87.192501 

[36] G. Röpke, A. Schnell, P. Schuck et al., Four-particle conden- 

sate in strongly coupled fermion systems. Phys. Rev. Lett. 80, 

192501 (2001). doi: 10.1103/PhysRevLett.80.3177 

[37] J.H. Chen, Y.L. Ye, K. Ma et al., New evidence of the Hoyle- 

like structure in 10O. Sci. Bull. 68, 1119-1126 (2023). doi: 

10.1016/j.scib.2023.04.031 

[38] P.W. Zhao, N. Itagaki, and J. Meng, Rod-shaped nuclei at ex- 

treme spin and isospin. Phys. Rev. Lett. 115, 022501 (2015). 

doi: 10.1103/PhysRevLett.115.022501 

[39] Evgeny Epelbaum, Hermann Krebs, Timo A. Lähde et al., 

Structure and rotations of the Hoyle state. Phys. Rev. Lett. 109, 

252501 (2012). doi: 10.1103/PhysRevLett.109.252501 

[40] E. Uegaki, S. Okabe, Y. Abe et al., Structure of the excited 

states in "°C. Prog. Theor. Exp. Phys. 57, 1262-1276 (1977). 

doi: 10.1143/PTP.57.1262 

[41] B. Zhou, Y. Funaki, H. Horiuchi et al., The 5a condensate state 

in ?°Ne. Nat. Commun. 14, 8206 (2023). doi: 10.1038/s41467- 

023-43816-9 

[42] B.S. Huang, Y.G. Ma, Dipole excitation of 6Li and 9Be stud- 
ied with an extended quantum molecular dynamics model. 
Phys. Rev. C. 103, 054318 (2021). doi: 10.1103/Phys- 
RevC.103.054318 

[43] J. Feng, Z. Zhang, J. Liu et al., A thermal bonding method for 

manufacturing Micromegas detectors. Nucl. Instrum. Meth. A. 

989, 164958 (2021).doi: 10.1016/j.nima.2020.164958 

[44] R. Veenhof, K. Baraka, S. Caiazza et al., Garfield++, https: 

//garfieldpp.web.cern.ch/garfieldpp/ 

[45] S. Mukhopadhay, N. Majumdar, A nearly exact boundary ele- 

ment method, https: //nebem.web.cern.ch/nebem/ 

[46] Z. Chen, C. Feng, H. Chen et al., Readout system for a 
prototype multi-purpose time projection chamber at CSNS 
Back-n. J. Instrum. 17, P05032 (2022).doi: 10.1088/1748- 
0221/17/05/P05032 

[47] H. Bai, Z. Wang, L. Zhang et al., A method for measuring the 
electron drift velocity in working gas using a Frisch-grid ion- 
ization chamber. Nucl. Instrum. Meth. A. 840, 36-41 (2016). 
doi: 10.1016/j.nima.2016.09.049 

[48] V.A. Khryachkov, I.V. Dunaeva, M.V. Dunaev et al., A method 
for rapid measurements of working-gas properties in a pulse 
ionization chamber. Instrum. Exp. Tech. 46, 804-813 (2003). 
doi: 10.1023/B:INET.0000008936.97013.4d 


11 


[49] A. Andronic, S. Biagi, P. Braun-Munzinger et al., Drift tection. Nucl. Instrum. Meth. A. 889, 78-82 (2018). doi: 
velocity and gain in argon- and xenon-based mixtures. 10.1016/j.nima.2018.02.006 
Nucl. Instrum. Meth. A. 523, 302-308 (2004). doi: [51] B. Qi, K. Liang, Z. Zhang et al., Optimization of the double 
10.1016/j.nima.2003.11.426 micro-mesh gaseous structure (DMM) for low ion-backflow 
[50] Z. Zhang, B. Qi, C. Liu et al., A high-gain, low ion-backflow applications. Nucl. Instrum. Meth. A. 976, 164282 (2020). doi: 


double micro-mesh gaseous structure for single electron de- 10.1016/j.nima.2020. 164282 


